• Reducing therapy intensity in the ML-DS 2006 trial did not impair the excellent prognosis in ML-DS compared with the historical control.
Introduction
Children with Down syndrome (DS) have a 150-fold increased risk of myeloid leukemia (ML) before the age of 5 years. 1 The majority of the reported cases with ML associated with DS (ML-DS) show a predominance of megakaryoblasts, corresponding to megakaryoblastic leukemia (AMKL) or French-American-British (FAB)-type M7 in non-DS patients.
2-4 ML-DS can be preceded by a period of transient abnormal myelopoiesis (TAM). 5 Both ML-DS and TAM are associated with mutations of the hematopoietic transcription factor GATA1, 6 which is causative during leukemogenesis. 7 Historically, outcome in children with ML-DS was thought to be poor. 8 To date, excellent cure rates have been achieved for ML-DS using dose-reduced treatment protocols without hematopoietic stem cell transplantation. [9] [10] [11] [12] [13] [14] [15] The reduced-intensity arm for ML-DS of the Acute Myeloid Leukemia-Berlin-Frankfurt-Münster (AML-BFM) 98 trial consisted of 4 courses of chemotherapy, containing cytarabine, idarubicin, etoposide, or mitoxantrone, and resulted in event-free survival (EFS) after 5 years of 89%. 9 This is in contrast to a 5-year EFS of 54% in non-DS children with AML FAB M7 (non-DS-AMKL). 16 The excellent response was attributed to the enhanced drug sensitivity of the ML-DS blasts, especially to cytarabine and anthracyclines. 17, 18 Still, despite reduced intensity, many patients suffer from therapyassociated toxicity. 9 This determines therapy-related mortality (TRM) as the main cause of death in this cohort of patients. [9] [10] [11] [12] [13] [14] [15] Different international study protocols for ML-DS vary in their treatment intensity and drug scheduling. [9] [10] [11] [12] [13] [14] [15] Whereas recent North American and European studies use high doses of anthracyclines and cytarabine, [9] [10] [11] [12] [13] Japanese studies achieved comparable survival rates using less intense treatment regimens. 14, 15 In contrast, the prognosis of relapsed ML-DS patients is extremely poor. 12, 19, 20 This means that ML-DS treatment schemata have to particularly strive for the balance between appropriate chemotherapy dosage to avoid relapses and treatment-related toxicity. Despite substantial efforts, clear prognostic factors that identify those patients at high risk for relapse remain elusive precluding a risk-adapted treatment strategy. There is an Inside Blood Commentary on this article in this issue.
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Here, we report the outcome of 170 pediatric patients with ML-DS enrolled in the Myeloid Leukemia Down Syndrome 2006 (ML-DS 2006) trial, conducted by the Nordic Society for Pediatric Hematology and Oncology (NOPHO), Dutch Childhood Oncology Group (DCOG), and AML-BFM study group. The protocol was based on the reduced-intensity arm for children with ML-DS in the AML-BFM 98 trial and was further intensity-reduced by excluding etoposide from the consolidation phase (reducing the cumulative dose from 950 mg/m 2 to 450 mg/m 2 ), administering 4 instead of 11 doses of intrathecal central nervous system (CNS) prophylaxis (cytarabine 20-40 mg), and excluding maintenance therapy. 9 The aim of the trial was to assure the high EFS while further reducing the risk of treatment-related toxicity. Patients with ML-DS with evidence of megakaryoblasts or undifferentiated blasts, confirmed by morphology and immunophenotyping (including CD34, CD117, CD7, CD13, CD33, CD15, CD36, CD56, CD41, CD42b, CD61) in the bone marrow (BM), peripheral blood, or trephine biopsy, between 6 months and 4 years were eligible for participation after legal written informed consent of the parents/custodians. Immunophenotyping was done and centrally reviewed by each collaborative study group (AML-BFM, DCOG, NOPHO). The AML-BFM and DCOG group performed central review of morphology. Patients older than 4 years of age and younger than 18 years were included if a GATA1 mutation was detected. Independent of age, DS patients with AML FAB M1-M5 were not eligible for the reduced-intensity ML-DS 2006 protocol as those cases were suspected to represent rare sporadic acute myeloid leukemia (AML) occurring in patients with DS with a different underlying biology and with a different treatment response compared with ML-DS. 22 The World Health Organization (WHO) and FAB classifications were used for the initial diagnosis of AML.
Methods

2,3
The diagnoses of the FAB M0 and M7 subtypes required confirmation by immunologic methods. 3, 23, 24 In brief, for the diagnosis of FAB, M0 blasts had to be negative for myeloperoxidase activity and for B-and T-cell markers (except CD7) and show expression of myeloid antigens (CD117, CD13, or CD33). Diagnosis of FAB M7 was considered when blasts were negative for myeloperoxidase activity and had specific megakaryocytic markers (CD41, CD42b, and/or CD61) without any B-or T-cell markers (except CD7). Surface antigen expression was considered positive if at least 20% of blasts showed positive labeling.
Treatment of children with ML-DS in the AML-BFM 98 trial (historical control arm) consisted of 4 cycles of polychemotherapy followed by maintenance therapy as depicted in Figure 1 . The AML-BFM 98 trial was opened from August 1998 to July 2003 and recruited 67 children with ML-DS (historical control arm) as previously described in detail. 9 Treatment plan and study design Treatment consisted of 4 cycles of polychemotherapy as depicted in Figure 1 . A good early response was defined as ,5% blasts in the BM at the start of the second block. After every course, toxicity was evaluated using the National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events v3.0 (CTCAE v3.0). The protocol required that each course should only be started if the child is in a good general condition without clinical signs of an infection, mucositis, or fever and with recovery of blood counts (neutrophil count, .1 3 10 9 /L; and platelets, .80 3 10 9 /L).
No recommendations for antibiotic or antifungal prophylaxis were made by the study protocol.
The primary objective of the ML-DS 2006 trial was to achieve a 5-year overall survival (OS) of 85% in 150 recruited patients with a standard error ,5%. The secondary objectives were to reduce toxicity without impairment of outcome and identify prognostic factors (cytogenetics, clinical parameters at diagnosis, GATA1 status, and treatment response assessed by morphology prior to the commencement of each course of chemotherapy) concerning the risk of relapse, toxicity, and poor outcome. Therefore, the end points of the trial were response rate (complete remission [CR]), EFS, disease-free survival, OS, and TRM. Interim analysis of response rate, frequency of relapse, and severe adverse events was performed after inclusion of 50 and 100 patients by the data monitoring committee. The criteria to close the protocol were .12 of 24 relapses or 10 of 20 deaths after inclusion of the first 50 of 100 patients, respectively.
Cytogenetic and molecular genetic analyses
Cytogenetic and molecular genetic analyses (including GATA1 sequencing) were done and centrally reviewed by each study group (AML-BFM, DCOG, For personal use only. on July 11, 2018. by guest www.bloodjournal.org From NOPHO). For the AML-BFM group, the reference laboratories performed and centrally reviewed cytogenetic (Hannover, Giessen, Germany) and molecular genetic analyses (Essen, Hannover, Germany) as previously described. 6, 24 For the DCOG, cytogenetic analyses were done by the university cytogenetic laboratories in The Netherlands and reviewed by a national cytogenetic review panel. Molecular genetic analyses were performed at the Erasmus MC (Rotterdam, The Netherlands). 6 For NOPHO, cytogenetic analyses were done by the university cytogenetic laboratories in the member countries and reviewed by the NOPHO cytogenetic review panel as previously described.
25
GATA1 analyses were performed by the Weatherall Institute of Molecular Medicine (Oxford, United Kingdom). 6 Complete karyotypes were described according to the International System of Human Cytogenetic Nomenclature (ISCN). 26 
Statistics
CR was defined by fulfillment of the Cancer and Leukemia Group B (CALGB) criteria, 27 early death (ED) being death before or within the first 6 weeks of treatment. EFS was defined as time from diagnosis to the first event or last followup. Events were death from any cause, failure to achieve remission, relapse, and secondary malignancy. Failure to achieve remission was considered as an event on day 0. Survival was defined as the time of diagnosis to death from any cause or last follow-up.
The Kaplan-Meier method was used to estimate survival rates. 28 Differences were compared with the 2-sided log-rank test. 29 Standard errors (SEs) were obtained using the Greenwood formula. Cumulative incidence of relapse/ nonresponse (CIR/NR) and death in CR were calculated by the method of Kalbfleisch and Prentice and compared with the Gray test. The Cox proportional hazards model has been used to obtain the estimates and the 95% confidence interval (CI) of the relative risk for prognostic factors. 30 Differences in the distribution of individual parameters among patient subsets were analyzed using the x 2 test or Fisher exact test for categorized variables and the Mann-Whitney U test for continuous variables.
Results
Patient characteristics
The population-based ML-DS 2006 trial enrolled 170 patients with de novo ML-DS between 2006 and 2015. Patient characteristics are summarized in Table 1 and are compared with the historical control arm (ML-DS children from the AML-BFM 98 trial; N 5 67). 9 The median follow-up for ML-DS 2006 was 4.0 years, and 9.6 years for the historical control arm.
The median age at diagnosis was 1.6 years and the median white blood cell (WBC) count was 5.1 3 10 9 /L. None of the ML-DS patients had initial CNS involvement and only 4 patients (2.4%) had organ involvement. GATA1 mutations were detected in 85.2% (n 5 98) of the ML-DS patients. However, as previously described, 6 low blast count or uncommon mutations outside of the genomic area, spanning the polymerase chain reaction, or a deletion inside this area, affecting the primer annealing site, may have resulted in a failure to detect the GATA1 mutation in some cases. Compared with the AML-BFM 98 trial, patients in the ML-DS 2006 trial had a significantly lower WBC count (5.1 3 10 9 /L vs 6.6 3 10 9 /L; P 5 .017) and higher hemoglobin levels (9.3 g/dL vs 8.6 g/dL; P 5 .033). Seventy-four patients (47.1%) had ,20% of blasts in the BM at diagnosis compared with only 18.2% of the patients in the AML-BFM 98 trial (P , .001).
Treatment outcome
With a 5-year OS of 89% 6 3% and 5-year EFS of 87% 6 3% (Figure 2A-B) , children with ML-DS have an excellent outcome. The CIR/NR was 6% 6 2% ( Figure 2C ). In the AML-BFM 98 trial (historical control arm; Figure 1 ), the 5-year OS (90% 64%; P log-rank 5 .64) and 5-year EFS (89% 6 4%; P log-rank 5 .71) were not significantly better (Figure 2A-B) . The CIR/NR was 6% in both studies (P Gray 5 .95; Figure 2C ), indicating that reducing the cumulative dose of etoposide from 950 mg/m 2 to 450 mg/m 2 plus reducing CNS prophylaxis and excluding maintenance therapy did not increase the relapse risk.
During the whole ML-DS 2006 study period, we observed 19 events (supplemental Table 1 , see supplemental Data available on the Blood Web site). Nine patients relapsed and 7 of those died. Two patients died of cardiac failure and 3 patients died of infections (Streptococcus mitis sepsis, fungal sepsis, and respiratory syncytial virus pneumonia, respectively). One patient died due to a severe macrophage activation syndrome and another one due to a transfusion incident. Three patients developed acute lymphoblastic leukemia (ALL) 1.6, 2.1, and 2.0 years after the end of chemotherapy, leading to death in 2 of those patients. We cannot conclude whether these cases represent secondary leukemias or sporadic cases of ALL in a population that is at high risk for development of ALL. Still, secondary cancer is rare in DS 1 and sporadic ALL has previously been well documented after ML-DS. 31 Interestingly, male patients showed superior outcome (5-year OS, 98% vs 81% 6 5%, P log-rank 5 .002; 5-year EFS, 94% 6 3% vs 79% 6 5%, P log-rank 5 .0075). Also, patients with a good early response (n 5 123) had significantly better outcome with a superior 5-year OS (92% 6 3% vs 57% 6 16%; P log-rank , .0001), 5-year EFS (88% 6 3% vs 58% 6 16%; P log-rank 5 .0008), and a lower CIR/NR (3% 6 2% vs 27% 6 18%, P Gray 5 .003).
Cytogenetic analysis
Cytogenetic data were available for n 5 122 patients (72%), which did not significantly differ from those patients without cytogenetic data with respect to 5-year OS (89% 6 3% vs 89% 6 5%; P log-rank 5 .73), 5-year EFS (86% 6 4% vs 89% 6 5%; P log-rank 5 .94), and CIR/NR (7% 6 2% vs 5% 6 3%; P Gray 5 .73). Of note, neither normal karyotype (ie, 47,XX/XY,121c), monosomy 7/7q2, aberrations of chromosome 13, or the long arm of chromosome 1 (1q) were associated with a poor outcome ( Table 2) . None of the patients that relapsed carried one of these cytogenetic aberrations. In contrast, ML-DS patients with gain of chromosome 8 (18; n 5 37) had a significantly worse 5-year EFS (73% 6 8% vs 91% 6 4%; P Log-Rank 5 .017). The CIR/NR was greatly increased (16% 6 7% vs 3% 6 2%; P Gray 5 .02). In fact, 5 of 7 relapsed patients with cytogenetic data had trisomy 8. The remaining 2 patients had isochromosome 7 (i [7] ) or addition of material from chromosome 16 (add [16] ), respectively. Hence, no relapses occurred in patients without gain of chromosome 8, aberrations of chromosome 16, or isochromosome 7 (n 5 81).
Multivariate analysis
In the multivariate analysis for 5-year EFS, including sex, age, early response, as well as cytogenetic subgroups (gain of chromosome 8, aberrations of chromosome 16 or isochromosome 7) as risk factors, poor early response (relative risk [RR] 5 8.55; 95% CI, 1.96-37.29; P x 2 5 .004) was of independent prognostic significance (Table 3) . Also, gain of chromosome 8 was an independent prognostic factor (RR 5 4.36; 95% CI, 1.24-15.39; P x 2 5 .022). The remaining parameters were not of independent prognostic value. Toxicity DS patients are highly susceptible to therapy-induced toxicity. To evaluate the toxicity of the ML-DS 2006 protocol, we analyzed the treatment-related adverse events after each course. Severe adverse events (CTCAE grade III or higher) were most frequently observed after induction. Thirty-five percent of the ML-DS patients presented with severe infections (Figure 3) . Interestingly, the frequency of infections declined in the ML-DS patients after each block so that after the last course only 17% of the ML-DS patients presented with a grade III (or higher) infection. Other recurrent severe adverse events affected the skin or the gastrointestinal tract (vomiting/nausea, stomatitis, diarrhea) or fatigue (asthenia, lethargy, malaise).
To assess the impact of excluding etoposide from consolidation on toxicity, we compared the frequencies of treatment-related adverse events to the AML-BFM 98 trial (HA vs HAE; Figure 3 ). Fewer severe For personal use only. on July 11, 2018 . by guest www.bloodjournal.org From adverse events were reported after the HA block of the ML-DS 2006 trial compared with the HAE block of the AML-BFM 98 trial (RR, 0.559; 95% CI, 0.382-0.817). This was mainly attributed to a reduced frequency of severe adverse events due to infections (16.8% vs 28.6%; P FisherExact 5 .106), fever (3.5% vs 8.8%; P FisherExact 5 .164), nausea (5.5% vs 11.3%; P FisherExact 5 .163), and fatigue (asthenia, lethargy, malaise) (6.1% vs 15.5%; P FisherExact 5 .055), although this trend did not reach significance within each category. As expected, the analysis of the remaining courses (AIE, AI, haM), which were identical between the trials (except for CNS prophylaxis), did not show notable differences (Figure 3) .
Five patients died due to therapy (cardiac failure, n 5 2; infections, n 5 3; Table 2 ) resulting in a TRM of 2.9% compared with 5% in the historical control arm (AML-BFM 98; P FisherExact 5 .276).
Discussion
ML-DS treatment schemata have to particularly strive for the balance between appropriate chemotherapy dosage and treatment-related toxicity.
9-15 Here, we demonstrate that the international ML-DS 2006 study achieved an excellent outcome (5-year OS, 89% 6 3%; 5-year EFS, 87% 6 3%) for these children with tolerable toxicity. We established early response after 1 course of chemotherapy and trisomy 8 as independent prognostic markers. The ML-DS 2006 trial was based on the reduced-intensity arm for ML-DS patients of the AML-BFM 98 trial. Due to the excellent outcome of the ML-DS patients in the AML-BFM 98 trial (n 5 67; 5-year OS, 90% 6 4%; 5-year EFS, 89 6 4), the treatment intensity was further reduced in the ML-DS 2006 trial by excluding etoposide from consolidation, administering 4 instead 11 doses of intrathecal CNS prophylaxis and excluding maintenance therapy. Despite this reduction, the outcome in both studies was in a similar range. The CIR/NR especially was identical in both studies (6%), validating that therapy reduction did not result in a higher relapse risk. The absence of CNS involvement in any of the patients might suggest that the ML-DS blasts cannot home to this niche and explain why we did not observe an increase in CNS relapses despite reduction of CNS prophylaxis. Although the TRM was not significantly reduced (2.9% vs 5%; P FisherExact 5 .276), excluding etoposide resulted in fewer severe adverse events after consolidation. However, the nonrandomized trial design and the comparison with a historical control is a potential weakness of the study, which was necessary due to the low number of ML-DS patients per year (expected accrual, 20 patients per year), and the expected low compliance with a more intense treatment arm. Still, the data may implicate that even further reduction of treatment intensity could be feasible based on prognostic factors.
Despite a general consent about longer treatment intervals and the discouraging role of hematopoietic stem cell transplantation, international study protocols for ML-DS differ substantially (Table 4) . [9] [10] [11] [12] [13] [14] [15] The role of high-dose cytarabine and the dosing of anthracyclines especially have yet to be defined. Whereas in most European and North American trials for ML-DS courses with highdose cytarabine (3 g/m 2 per day) are applied, [9] [10] [11] [12] Japanese studies (Japan Pediatric Leukemia/Lymphoma Study Group [JPLSG] AML D05) obtained excellent results (3-year OS: 88% 6 4% 3-year EFS: 83% 6 4%) and low TRM (1.4%) using standard-dose cytarabine (100 mg/m 2 per day) only. 15 Together with the results of the Toronto group that used a low-dose cytarabine-based regimen, 13, 32 which contained no anthracyclines and no etoposide, these data indicate that subgroups of patients with ML-DS can be cured even with much lower doses than in the current ML-DS 2006 trial. But the identification of clear prognostic factors that would predict which patients are at risk of relapse and need intense therapy remained elusive. 21 Our study makes a significant step toward risk-adapted therapy in ML-DS. We show that the early therapy response, assessed by morphology at the start of the second block, is predictive of treatment outcome and relapse. Future trials will need to show whether monitoring of minimal residual disease could even increase this predictive value. Most importantly, however, our analysis showed For personal use only. on July 11, 2018. by guest www.bloodjournal.org From that all relapses were in the cytogenetic groups of patients with trisomy 8, aberration of chromosome 16, or isochromosome 7. This means that none of the patients belonging to the other cytogenetic subgroups (n 5 81) experienced a relapse. This includes patients with cytogenetic aberrations which were previously proposed to be associated with higher relapse risk, such as monosomy 7 or normal karyotype (ie, 47,XX/XY,121c). 14, 21 Although the cytogenetic groups are small, limiting the confidence of the subgroup analysis, they are in accordance with a recent Japanese study 15 that could neither confirm monosomy 7 nor normal karyotype as poor prognostic factors. Thus, reproducible and consistent data across the study groups imply that monosomy 7 and normal karyotype are not predictive for poor prognosis. Instead, our data indicate gain of chromosome 8 to predict a high relapse risk and poor EFS.
AML-BFM 98 ML-DS
Despite the use of high-dose cytarabine, we observed a TRM of 2.9% (n 5 5 of 170 patients), which is in the same range as the Children's Oncology Group (COG) A2971 trial 12 (2.3%; n 5 3 of 132; P FisherExact 5 1.000) that also used high-dose cytarabine, and which does not significantly differ from the JPSLG AML D05 trial 15 (1.4%; n 5 1/72; P FisherExact 5 0.673) that used standard-dose cytarabine. Three patients died due to infections (Streptococcus mitis sepsis, fungal sepsis, and respiratory syncytial virus pneumonia, respectively). This is in contrast to a previous study which included the German ML-DS patients of the ML-DS 2006 trial and the AML-BFM 98 trial and found that all deaths due to infections were attributed to respiratory syncytial virus pneumonia. 33 Two patients died due to cardiac failure, underscoring the sensitivity of children with DS to cardiotoxic agents. Thus, lowering cardiotoxicity, for example, by introducing liposomal formulations of daunorubicin, 34 should be an aim for the development of future treatment protocols.
Our study demonstrates that ML-DS is not necessarily associated with high treatment-related toxicity even when compared with non-DS-AML patients (supplemental Figure 1) . Knowing the high susceptibility of DS patients to cytostatic agents, this observation might be explained by 2 factors. First, ML-DS patients do not obtain 1 very intense course (high-dose cytarabine and mitoxantrone [HAM] ) and the anthracycline doses are reduced in all courses. Second, the treatment intervals for ML-DS patients are longer (median interval between first [AIE] and second course [AI/HAM] for ML-DS vs non-DS-AML, 32 vs 25 days; P , .001) giving the patients more time to recover after each course; that is, a block was only started if the child showed recovery of blood counts and was in good general condition without clinical signs of an infection, mucositis, or fever.
Recently, wee1 kinase inhibitors 35 or histone deacetylase inhibitors 36, 37 have been identified as promising classes of drugs for the future treatment of ML-DS. Those drugs can be introduced to upcoming ML-DS protocols to substitute other less tolerated chemotherapeutic agents while increasing/maintaining overall efficacy.
With the dismal outcomes after relapse especially (7 of 9 relapsed patients died in the ML-DS 2006 trial), these new substances may help to further reduce therapy-related toxicity while preventing relapses. 19 In summary, we show that therapy reduction could be achieved in children with ML-DS without compromising the excellent outcome. The identification of clinical and cytogenetic prognostic markers in our study offers new possibilities for risk-adapted therapy for children with ML-DS. This will help to further reduce therapy in lowrisk patients and intensify treatment in high-risk patients to avoid relapses. For personal use only. on July 11, 2018 . by guest www.bloodjournal.org From
